A detector with five bands covering visible to long-wave infrared is demonstrated using a GaAs-based n-p-n-architecture. The major elements are two back-to-back connected p-i-n photodiodes with InGaAs/GaAs and GaAs/AlGaAs-based quantum wells integrated within the n-regions. At 80 K, a preliminary detector shows two combinations of bands, each responding in three bands, covering the 0.6-0.8, 3-4, and 4 -8 m ranges and the 0.8-0.9, 0.9-1.0, and 9-13 m ranges. A good selection of these two combinations based on the bias voltage polarity is observed. A similar four-band detector without any cross-talk between the bands is proposed using and homo-/ heterojunction 7,8 detector structures, and they cover visible ͑VIS͒, near-infrared ͑NIR͒, short-wave-infrared ͑SWIR͒, mid-wave-infrared ͑MWIR͒, and long-wave-infrared ͑LWIR͒. Although various approaches 3,4 are being studied to develop multiband detectors, not only the detection of light in multiple wavelength bands, but the selection of photocurrent components corresponding to each wavelength band should also be considered. Hence, there are new device physics concepts to discover.
1 a significant effort has been put on developing multiband detectors, which are expected to show enhanced detection capabilities with reduced false positives. Already reported multiband detectors are based on HgCdTe, quantum well infrared photodetector ͑QWIP͒, 2,3 quantum dot infrared photodetector ͑QDIP͒, [4] [5] [6] and homo-/ heterojunction 7, 8 detector structures, and they cover visible ͑VIS͒, near-infrared ͑NIR͒, short-wave-infrared ͑SWIR͒, mid-wave-infrared ͑MWIR͒, and long-wave-infrared ͑LWIR͒. Although various approaches 3, 4 are being studied to develop multiband detectors, not only the detection of light in multiple wavelength bands, but the selection of photocurrent components corresponding to each wavelength band should also be considered. Hence, there are new device physics concepts to discover.
Simultaneous-mode multiband detectors, in general, require more than two electrical contacts on the detector element, while two electrical contacts are adequate for sequential-mode multiband detectors. 3, 6 In sequential-mode multiband detectors, two basic approaches are used to select the operating wavelength; ͑i͒ use of optical elements, such as filters, gratings, etc., and ͑ii͒ use of the applied bias voltage. 9, 10 If the operating wavelength bands can be selected using the applied bias voltage, external optical components or electronics are not required for wavelength selection, giving an immense advantage over the existing multiband detectors. The use of bias voltage is based on the device architecture, band structure, photo-and dark-current transport mechanisms, and effects of the voltage on the band structure and carrier transport mechanisms. In this paper, a specific detector architecture that supports two or more detection mechanisms, which can be selected by the applied bias voltage, is discussed. The major elements in this detector architecture are two back-to-back connected p-i-n photodiodes, which is somewhat similar to the back-to-back p-n diode structure, which was demonstrated for HgCdTe dual-band detectors. 11 The carrier transport mechanisms are controlled by the characteristics of the back-to-back connected p-i-n architecture, which is identified as an n-p-n structure ͑two p-i-n regions connected as n-i-p-i-n͒, while IR detection is based on intersubband absorption in InGaAs/GaAs or GaAs/ AlGaAs-based quantum wells ͑QWs͒, which are integrated within the n-regions of this complete structure referred to as n-p-n-QWIP. The main idea of this detector architecture can be explained using two simple p-i-n photodiodes, which are assumed to respond in two bands ͑say, blue and red͒ and connected in series by connecting the p-type terminals. Then, the n-type layers on both sides are considered to be top ͑n-layer of the blue diode͒ and bottom ͑n-layer of the red diode͒ contacts. When a negative bias is applied to the top contact, the blue photodiode is under "forward" bias and the red photodiode is under "reverse" bias. Hence, under illumination, the dominant carrier transport in the blue photodiode is a͒ Electronic mail: uperera@gsu.edu. Also at NDP Optronics LLC. Three doped layers ͑labeled TC, MC, and BC͒ separate two major active regions; one containing MWIR quantum wells ͑InGaAs͒ and the other containing LWIR quantum wells ͑GaAs͒. Three different measurement configurations ͑TM, MB, and TB͒ are also indicated.
through majority carriers ͑dark current͒, while the photoexcited carriers will generate a current in the red photodiode.
Since the two diodes are in series, the net current will be determined by the photocurrent of the red photodiode. When a positive bias is applied to the top contact, the reverse process occurs and the net current is based on the photocurrent generated in the blue photodiode. That means one diode at a time can be activated for photocurrent generation by changing the bias voltage polarity. The structure of the n-p-n-QWIP design tested in this study is shown in Fig. 1 . The top, middle, and bottom contacts are labeled TC, MC, BC, respectively, while TM, MB, and TB indicate the three measurement configurations: topmiddle, middle-bottom, and top-bottom, respectively. Although an ideal structure should have two electrical contacts, the present sample purposely had three electrical contacts with one in the middle p-doped layer in order to test the two active regions separately ͑i.e., the MC is only for testing purposes͒. In the following discussion, the bias polarity is identified as "positive" and "negative" when the contact layer, which is on the top of the region under consideration ͑TM, MB, or TB͒, is positively and negatively biased, respectively. As can be seen in Fig. 1 , the TM and MB regions resemble a p-i-n type structure. The major difference between the two regions is that the TM consists of 20 periods of 65 Å thick InGaAs/GaAs/AlGaAs QWs to detect light in the 3 -8 m region ͑MWIR͒, while BM consists of 65 Å thick GaAs/AlGaAs QWs to detect light in the 8 -14 m region ͑LWIR͒.
The conduction and valence band profiles of the detector structure for negative bias ͑negative on the TC͒ are shown in Fig. 2 . Under this condition, the band profile of the TM region is close to the flat-band situation, making the MWIR wells inactive for photocarrier generation. Hence, photocarrier generation takes place only in the LWIR wells, as indicated by vertical arrows. Similarly, the MWIR wells become active for positive bias. The ground state electrons are excited by the incoming photons and the excited electrons are collected as the photocurrent; however, the ground state should be refilled by electrons injected from the other end of the structure. Since the active p-i-n-region is under reverse condition, the major refilling mechanism would be through the leakage current. Hence, a high bias is required, and as is evident from the results for a QWIP in Ref. 2, a high response can be obtained if the magnitude of the bias is high enough to generate a current to refill the empty well states.
The dark current-voltage ͑I-V͒ characteristics of a mesa with an electrical area of 400ϫ 400 m 2 at 300 K are shown in Fig. 3͑a͒ . The TM and MB regions show asymmetric I-V curves similar to a typical p-i-n structure ͑it should be noted that the TM region is under forward condition for negative bias and under reverse condition for positive bias, when it is compared with a typical p-i-n diode͒. However, when the temperature is reduced to 77 K, the two regions show different variations. This is attributed to the I-V characteristics of quantum wells. In general, at 80 K, the dark current 12 of short wavelength QWIPs is lower than that of long wavelength QWIPs. The response from the TM and MB regions was measured separately to confirm that the quantum wells respond in the expected wavelength ranges. However, the focus of this study is on the response and wavelength band selection capability across the TB region. In Fig. 4 , the response of the detector due to interband and intersubband transitions is shown for positive ͑V+͒ and negative ͑VϪ͒ bias voltages. While interband response ͓Fig. 4͑a͔͒ will be discussed later, in Fig. 4͑b͒ the response for positive bias is solely from the InGaAs/GaAs wells ͑MWIR͒ and the response for negative bias is solely from the GaAs/AlGaAs wells ͑LWIR͒. The two peaks observed at 3.6 and 6.0 m match with the bound to bound transitions in the 65 Å thick InGaAs/GaAs wells in the TM region, while the peak at 10.8 m is due to absorption in the GaAs/AlGaAs wells in the MB region, which is also in good agreement with theoretical predictions. It is also clear that the MWIR response is visible for positive bias, while the LWIR response is visible for negative bias, indicating a good selection between the two bands. This result is in good agreement with the detection and carrier collection mechanism in the n-p-n-QWIP architecture discussed before. The peak wavelengths can be changed by varying the well-width and the barrier alloy fractions, as in any other QWIPs. In addition, almost zero spectral cross-talk between the two bands was observed for a deviation of Ϯ2 V from both positive and negative bias values shown in Fig. 4 . The measured detectivity ͑D ‫ء‬ ͒ values at 80 K are ϳ2 ϫ 10 8 and 5 ϫ 10 9 at 3.6 and 10.8 m, respectively. Although these values are lower than the D ‫ء‬ values of typical QWIPs, they can be increased by optimizing the layer parameters in the n-p-n-structure considering the transport of dark and photocarriers.
In addition, the interband response shown in Fig. 4͑a͒ further justifies the mechanism in the n-p-n-QWIP structure. Under negative bias ͑see Fig. 2͒ , interband absorption in the MB region, which is the active region under negative bias, leads to a response in the VIS-NIR range. The wavelength threshold ͑ϳ0.82 m͒ corresponds to the smallest transition energy in the MB region, which is the band gap of the GaAs layer. Similarly, under positive bias, the TM region becomes active and interband transitions take place in the InGaAs layers, as well as in the GaAs layers, leading to a response band in VIS-NIR-SWIR range with two wavelength thresholds at ϳ0.82 and ϳ1 m, respectively. Within the wavelength range specified, the average interband absorption coefficient is approximately 5 ϫ 10 4 cm −1 , which translates to a skin depth of 0.2 m. This indicates that most of the VIS-NIR light is absorbed within the top layers. Hence, the interband response can be further enhanced by etching out the top-contact layer inside the metal ring. The overall result in Fig. 4 indicates that the detector can be operated as a VIS-NIR+ SWIR+ MWIR detector with positive bias and a VIS-NIR+ LWIR detector with negative bias.
The interband ͑VIS-NIR͒ spectral cross-talk observed for the GaAs-based n-p-n-QWIP can be reduced using a material system such as In 0.53 Ga 0.47 As/ InP in an n-p-n-QWIP structure. Specific elements in an In 0.53 Ga 0.47 As/ InP-based n-p-n-QWIP structure and corresponding spectral bands expected from these elements are shown in Table I . Since light at wavelengths below 0.9 m will be absorbed in the top InP layers, the i-In 0.53 Ga 0.47 As layer will respond to light only in the 0.9-1.7 m range ͑1.7 m corresponds to the band gap of In 0.53 Ga 0.47 As͒. The VIS-NIR and MWIR bands can be selected using a positive bias on the top contact, while the SWIR and LWIR bands can be selected using a negative bias on the top contact.
In summary, a bias-selectable multicolor detector was demonstrated based on a GaAs-based n-p-n-QWIP. A fourband n-p-n-QWIP detector using the In 0.53 Ga 0.47 As/ InP material system was also proposed. This work was supported, in part, by the U.S. Air Force, under the STTR Contract Nos. FA9550-09-C-0106 and FA9550-10-C-0131, and the Georgia Research Alliance. 
